AD 


^•^~A242  45^ 


V 

V 


TECHNICAL  REPORT  ARCCB-TR-91030 


FRACTURE  TOUGHNESS  TESTS  AND 
DISPLACEMENT  AND  CRACK  STABILITY 
ANALYSES  OF  ROUND  BAR  BEND  SPECIMENS 
OF  LIQUID-PHASE  SINTERED  TUNGSTEN 


J.  H.  UNDERWOOD 
F.  I.  BARATTA 
J.  J.  ZALINKA 


OCTOBER  1991 


US  ARMY  ARMAMENT  RESEARCH. 
DEVELOPMENT  AND  EN6INEERING  CENTER 

CLOSE  COMBAT  ARMAMENTS  CENTER 
BENET  LABORATORIES 
WATERVLIET,  N.T.  12189-4050 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED 


91-15992 


91  115*0  022 


DISCLAIMER 


The  findings  in  this  report  are  not  to  be  construed  as  an  official 
Department  of  the  Army  position  unless  so  designated  by  other  authorized 
doc'uments . 

The  'use  of  trade  nan\e(s]  and/or  aanu£acturer(s)  does  not  constitute 
an  officzai  indorsement  or  approval. 


DESTRUCTION  NOTICE 

For  classified  documents,  follow  the  procediires  in  DoD  5200. 22-M, 
Industrial  Security  .Manual,  Section  11-19  or  DoD  3200. 1-R,  Information 
Security  Program  Regulation,  Chapter  IX. 

For  unclassified,  limited  documents,  destroy  by  any  method  that  wil 
prevent  disclosure  of  contents  or  reconstruction  of  the  document. 

For  unclassified,  unlimited  documents,  destroy  when  the  report  is 


no  longer  needed.  Do  not  return  it  to  the  originator. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


Puohc  ‘■eoortinq  ouraen  'or  this  coiie<Tion  of  information  is  estimateo  to  av«raqe  »  hour  oer  'esoorse.  nciuOing  the  time  for  reviewing  instructions,  searcnmc  et'Stina  oata  sources, 
gathering  and  maintaining  the  data  needed,  and  competing  and  reviewing  the  collection  of  information  Send  comments  regaroing  this  burden  estimate  or  jnv  :tner  asoea  of  this 
coileaion  of  nformation.  nciudmg  suggestions  for  'educing  this  ouraen  to  Washington  neadouarters  Services,  Directorate  for  information  Ooerations  ana  ®eDcrts.  ' i  ’S  .etferson 
Davis  Highwav.  Suite  1 204,  Arlington.  JA  22202-4302.  and  to  the  Office  Of  Management  ano  Budget.  Paoerwont  Reduaion  Project  {0704-0188).  Washington  DC  2GS03 


AGENCY  USE  ONLY  (Leave  blank) 


4.  TITLE  AND  SUBTITLE 


2.  REPORT  DATE 

October  1991 


3.  REPORT  TYPE  ANO  OATES  COVERED 

Final 


FRACTURE  TOUGHNESS  TESTS  AND  DISPLACEMENT  AND  CRACK 
STABILITY  ANALYSES  OF  ROUND  BAR  BEND  SPECIMENS  OF 
LIOUID-PHA 


«.  AUTHOR(S) 

J.H.  Underwood,  F.I.  Baratta  (U.S.  Army  Materials 
Technology  Laboratory,  Watertown,  MA) ,  and  J.J.  Zalinka 


5.  FUNDING  NUMBERS 


AMCMS  No.  6111.02.H610.01, 
PRDN  No.  1A92Z9CANMSC 


7.  PERFORMING  ORGANIZATION  NAME(S)  ANO  AOORESS(ES) 

U.S.  Army  ARDEC 

Benet  Laboratories,  SMCAR-CCB-TL 
Watervliet,  NY  12189-4050 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

ARCCB-TR-91030 


9.  SPONSORING/ MONITORING  AGENCY  NAME(S)  ANO  AOORESS(ES) 
U.S.  Army  ARDEC 
Close  Combat  Armaments  Center 
Picatinny  Arsenal,  NJ  07806-5000 


10.  SPONSORING  /  MONITORING 
AGENCY  REPORT  NUMBER 


11.  SUPPLEMENTARY  NOTES 

Presented  at  the  SEM  Spring  Conference  on  Experimental  Mechanics, 
Albuquerque,  NM,  4-6  June  1990. 

Published  in  Proceedings  of  the  Conference. 


12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT  12b.  DISTRIBUTION  CODE 

Approved  for  public  release;  distribution  unlimited. 


13.  ABSTRACT  (Maximum  200  words) 

Plane-strain  fracture  toughness  tests  were  performed  using  the  recently  proposed 
round  bar  bend  test  procedure  with  a  liquid-phase  sintered  tungsten  alloy.  The 
tests  included  a  direct  comparison  of  fracture  toughness  from  rectangular  and  round 
bend  specimens  and  measurements  of  load-line  compliance  using  the  unloading 
technique  of  J— integral  fracture  tests.  Complementary  displacement  and  crack  growth 
stability  analyses  of  the  round  bar  were  performed  as  an  extension  of  recent  work 
in  these  two  areas. 


14.  SUBJECT  TERMS 
Fracture  Toughness 
Crack  Stability 
Specimen  Compliance 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

UNCLASSIFIED 


NSN  7540.01-280-5500 


Round  Bar 
Tungsten  Alloy 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

UNCLASSIFIED 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

UNCLASSIFIED 


IS.  NUMBER  OF  PAGES 

20 


16.  PRICE  CODE 


20.  LIMITATION  OF  ABSTRACT 


Standard  Form  298  (Rev  2-891 
Of«cnoed  bv  ANSI  Sta  239- ’8 
290- ’02 


TABLE  OF  CONTENTS 


INTRODUCTION  AND  OBJECTIVES  ... 

EXPERIMENTS  . 

Specimens  and  Material  . 

Test  Procedures  . 

ANALYSES  . 

Load-Line  Compliance  . 

Crack  Growth  Stability  . 

DISCUSSION  OF  RESULTS  . 

Fracture  Toughness  Tests  . . . 
Load-Line  Compliance  Results 
Crack  Stability  Results  .... 

SUMMARY  . 

REFERENCES  . 


■it- 


Page 

1 

2 

2 

3 

5 

5 

6 
7 

7 

8 

10 

11 

12 


TABLES 


I.  MACHINE  COMPLIANCE  MEASUREMENTS  WITH  VARIOUS 

TEST  ARRANGEMENTS  .  4 

II.  COMPARISON  OF  FRACTURE  TOUGHNESS  FROM  RECTANGULAR 

AND  ROUND  SPECIMENS  .  8 


LIST  OF  ILLUSTRATIONS 

1 .  Edge-cracked  round  bar  bend  specimen  for  fracture 

tests  and  analyses  .  13 

2.  Load-displacement  behavior  of  round  and  rectangular 

specimens  . 14 

3.  Comparison  of  load-line  displacement  measurements 

and  analysis  .  15 

4.  Load-line  displacement  from  tungsten  specimens 

and  analysis  .  16 


i 


Page 


5.  Crack  stability  thresholds  for  round  and  rectangular 

configurations  .  17 

6.  Fracture  toughness  and  stability  thresholds  for 

tungsten  specimens  .  18 


i  i 


INTRODUCTION  AND  OBJECTIVES 


Bush  (ref  1)  was  the  first  to  perform  comprehensive  fracture  testing  and 
analysis  with  the  round  bar  bend  specimen  to  measure  fracture  toughness  of 
power-generation  turbine  rotors.  Following  this  work  closely.  Underwood  and 
Woodward  proposed  a  standard  test  specimen  and  wide  range  stress- intensity  fac¬ 
tor  expression  for  fracture  testing  with  round  bar  specimens  (ref  2).  The  work 
in  this  report  continues  the  development  of  the  round  bend  bar  for  fracture 
testing.  A  reguirement  for  reliable  fracture  testing  with  a  new  specimen  con¬ 
figuration  is  direct  comparison  tests  with  a  proven  specimen.  This  was  the  pri¬ 
mary  objective  here;  the  measurement  of  plane-strain  fracture  toughness  using 
the  standard  ASTM  method  and  rectangular  bend  specimen  (ref  3)  and  the  direct 
comparison  of  these  results  with  round  bar  bend  results  from  the  same  material. 

Two  additional  objectives  of  the  tests  and  analyses  were  to  investigate  the 
effect  of  the  round  configuration  on  load-line  displacement  of  the  specimen  and 
the  crack  growth  stability  characteristics  of  the  round  specimen.  Similar 
topics  of  fracture  testing  have  been  addressed  by  Baratta  (ref  4)  in  elastic 
compliance  analysis  of  three-point  loaded  beams  with  various  notch  con¬ 
figurations  and  by  Baratta  and  Ounlay  (ref  5)  in  crack  stability  analysis  and 
tests  of  brittle  materials  using  three-  and  four-point  loaded  beams.  Load-line 
displacement  is  of  general  use  in  fracture  testing,  particularly  now  with  the 
common  use  of  unloading  compliance  to  measure  crack  growth.  Crack  growth 
stability  is  specially  important  when  dealing  with  brittle  materials,  such  as 
the  tungsten-based  material  considered  here.  Furthermore,  the  configuration  of 
the  round  bar  specimen  raises  questions  about  stability,  because  unlike  rec¬ 
tangular  specimens,  through-thickness  dimensions  of  the  round  bar  change  as  the 
crack  grows. 
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EXPERIMENTS 


Soeciwens  arwj  HatariaT 

The  specimen  configuration  for  the  round  bar  fracture  tests  and  analyses  is 
shown  in  Figure  1.  This  round  bar  configuration  is  well-suited  to  fracture 
tests  in  the  L-R  orientation  shown  in  the  figure,  i.e.,  with  the  crack  plane 
perpendicular  to  the  longitudinal  axis  of  the  bar  and  crack  growth  in  the  radial 
direction.  (Had  our  interest  been  with  the  R-L  or  C-R  orientations,  the 
chevron-notched  or  disk-shaped  specimens  could  have  been  used.)  This  con¬ 
figuration  is  particularly  useful  for  round  bar  samples  of  high  strength 
materials  that  are  difficult  to  machine,  such  as  the  tungsten  alloy  tested  here. 
The  machined  flats  at  the  ends  of  the  bar  were  added  to  facilitate  the  test 
setup  and  to  eliminate  the  point  loads  that  would  occur  between  the  specimen  and 
support  rollers  with  no  flat  present.  The  flats  were  not  modeled  in  the  analy¬ 
ses  here,  nor  was  this  required,  since  the  flats  decrease  the  specimen  volume  by 
less  than  0.1  percent,  in  areas  remote  from  the  notch.  The  rectangular  specimen 
configuration  used  for  comparison  tests  and  analyses  was  the  standard  bend  con¬ 
figuration  (ref  3) . 

The  test  material  was  33-mm  diameter  bars  of  a  liquid-phase  sintered  alloy 
composed  of  90  percent  tungsten,  7  percent  nickel,  3  percent  iron,  swaged  15 
percent  reduction  in  area,  and  supplied  by  GTE  Products  Corporation  (Towanda, 
PA).  Nominal  values  of  physical  and  mechanical  properties  of  interest  are  den¬ 
sity  of  19  g/cm*,  elastic  modulus,  E.  of  345  GPa,  hardness  of  400  HB  (Brinell), 
ultimate  tensile  strength  of  1400  MPa,  and  plane-strain  fracture  toughness  of  60 
MPa  m^.  The  combination  of  high  strength  and  low  fracture  toughness  is  a  clear 
indication  of  a  relatively  brittle  material  and  a  possible  indication  that  crack 
growth  stability  may  affect  fracture  behavior.  Fracture  is  important  for  a 
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common  application  of  round  bar  configurations  of  this  tungsten  alloy,  i.e., 
long  rod  ballistic  penetrators  (ref  6).  The  high  density  of  the  alloy  contrib¬ 
utes  to  the  kinetic  energy  of  the  penetrator,  however,  the  energy  is  fully  use¬ 
ful  only  if  the  penetrator  remains  intact  when  subjected  to  acceleration  and 
target  impact  loading.  Therefore,  the  fracture  toughness  and  crack  growth  sta¬ 
bility  properties  of  the  alloy  are  important.  The  low  toughness  of  the  material 
also  led  to  the  expected  problem  of  producing  fatigue  precracks,  resulting  in 
the  loss  of  rectangular  samples.  As  discussed  later,  the  results  of  crack 
growth  stability  tests  and  analyses  suggest  an  explanation  for  the  difficulties 
in  fatigue  cracking. 

Teat  Procedures 

The  pertinent  procedures  can  be  discussed  in  relation  to  Figures  1  and  2 
and  Table  I.  The  rectangular  and  round  beam  specimens  were  tested  in  the 
general  manner  shown  in  Figure  1.  The  only  significant  deviation  from  the  usual 
procedures  for  fracture  testing  of  bend  specimens  (ref  3)  was  the  use  of  bottom 
surface  displacement,  d,  shown  in  Figure  1,  as  opposed  to  a  crack-mouth 
displacement.  A  bottom  surface  displacement  has  the  advantage  of  allowing  both 
applied  J  and  crack  growth  measurements,  whereas  crack-mouth  displacement  can  be 
used  directly  only  for  crack  growth.  In  the  tests  here,  the  displacement  at  the 
load  line,  6,  was  calculated  as 

6  =  d(S/2X)  (1) 

Recent  work  (ref  7)  has  shown  that  for  the  configurations  in  these  tests,  i.e., 
S/2X  >  0.95  and  a/W  >  0.5,  Eq.  (1)  is  accurate  within  0.4  percent. 

Applied  load  and  bottom  surface  displacement  for  round  and  rectangular 
specimens  were  measured  using  a  250-KN  servohydraul ic  machine  in  displacement 
control.  Figure  2  is  a  typical  plot  of  each  type  of  specimen,  showing 
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predominantly  linear  behavior,  with  little  indication  of  stable  crack  growth  or 
deformation  before  abrupt  failure.  However,  some  differences  in  the  amount  of 
crack  growth  were  noted,  as  discussed  later.  Unloadings  were  performed  periodi¬ 
cally,  as  indicated  in  Figure  2,  using  a  computer-controlled  system  of  the  type 
used  for  J-integral  fracture  toughness  tests.  An  automated  linear  regression 
routine  was  applied  to  the  unloading  data  to  obtain  the  elastic  compliance  of 
the  specimen  for  comparison  with  analytical  results. 

Following  the  tests,  the  compliance  of  the  testing  machine  was  measured 
with  a  large,  essentially  rigid  block  inserted  between  the  loading  heads  of  the 
machine  with  the  two  setups  used  in  the  fracture  tests.  A  specimen  was  included 
in  the  two  machine  compliance  setups,  but  no  bending  displacement  was  allowed. 
The  results  are  shown  in  Table  I.  Note  that  the  rigid  block  measurements  are 
relatively  constant  with  load,  whereas  the  test  setup  measurements  decrease  with 
increasing  load.  We  believe  that  the  machine  compliance  measured  from  the  test 
setup  at  the  higher  loads,  values  of  d^/P  of  about  0.0059  and  0.0052  mm/KN, 
should  be  used  in  the  crack  stability  analysis.  The  values  at  lower  load  may  be 
due  to  threaded  connections  in  the  test  setup  and  may  not  represent  stored 
strain  energy  in  the  machine  that  could  affect  crack  stability, 

TABLE  I.  PUCHINE  COMPLIANCE  MEASUREMENTS  WITH  VARIOUS  TEST  ARRANGEMENTS 


Appl ied 

Measured  Machine  Compliance  Usinq  Piston  Displacement 

Load 

Rigid  Block 

Rectangular  Setup 

Round  Setup 

KN 

mm/KN 

mm/KN 

mm/KN 

10 

0,0031 

0.0128 

0.0189 

20 

0.0028 

0.0079 

0.0076 

30 

0.0027 

0.0066 

0.0059 

40 

0.0026 

0.0059 

0.0052 

ANALYSES 


It  is  recognized  in  fracture  testing  {ref  a)  that  even  for  relatively  duc¬ 
tile  materials,  stable  crack  growth  is  an  important  requirement  for  accurate 
measurement  of  fracture  toughness.  The  presence  of  crack  stability  is  of  even 
greater  importance  for  fracture  toughness  tests  of  brittle  materials  {ref  9). 
Consider  an  extreme  case  wherein  a  fracture  specimen  of  brittle  material  con¬ 
tains  an  initially  blunt  starter  notch.  When  the  specimen  is  loaded,  it  will 
receive  higher  strain  energy  prior  to  abrupt  failure  than  a  specimen  with  a 
sharp  crack.  The  higher  strain  energy  will  lead  to  an  incorrectly  high  fracture 
toughness  result.  Attempts  to  introduce  a  sharp  crack  by  fatigue  loading  may  be 
unsuccessful  unless  the  specimen  and  test  machine  allow  stable  crack  growth.  In 
an  unstable  system,  the  loads  must  be  kept  low  enough  to  prevent  initiation  of  a 
crack;  attempts  to  increase  the  fatigue  load  result  in  spontaneous  fracture,  as 
experienced  in  this  study.  Even  if  a  crack  has  been  successfully  placed  in  a 
specimen  and  the  fracture  toughness  test  system  does  not  allow  stable  crack 
growth,  a  similar  situation,  such  as  the  blunt  starter  notch,  will  be  present  to 
a  lesser  degree,  and  an  incorrect  fracture  toughness  can  ensue. 

In  order  to  provide  guidelines  for  round  bar  tests,  a  crack  stability 
analysis,  which  considers  both  the  specimen  configuration  shown  in  Figure  1  and 
the  loading  system,  is  presented  in  the  following  paragraphs.  A  prerequisite 
to  crack  stability  analysis  is  to  determine  the  load-line  compliance  of  the 
specimen,  discussed  first. 

Load-Line  Compliance 

The  analysis  is  based  on  the  work  of  Paris  (ref  10)  and  is  similar  to  prior 
work  of  the  present  authors  (ref  11),  therefore  only  the  principal  equations  are 
given.  The  normalizea  load-line  compliance  of  the  idealized  cracked  round 
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specimen  is 


5EB/P  =  (4/3n){S/D>»  [1+2(1+U}/(S/D)*] 

^n 

+  4(S/D)»  /  [a*/V(l-a»/*)]  [f(o)]2  da  (2) 

0 

where  u  is  Poisson’s  ratio,  taken  as  0.3  here;  a  is  normalized  crack  depth,  a/D, 
for  the  round  specimen;  and  Ap  is  normalized  crack  area  of  the  round  beam,  given 
by 

Ap  =  A/D*  =  [l/4][cos-Ml-2a)  -  2(l-2a)l(a(l-a)})^l  (3) 

where  A  is  the  cracked  area  of  the  round  beam.  The  function  f(a)  represents  the 
following  wide  range  expressions  that  were  fitted  to  experimental  and  numerical 
stress  intensity  results  (ref  2)  for  cracked  round  beams  for  various  span-to- 
diameter,  S/D,  ratios; 

f(a)  =  (K/D*/»PS) (l-a)»/a^  =  3.75  -  10.93a  +  20.05a*  -  19.93a*  +  7.56a* 

4.00  <  S/0  4  6.67  ;  0  4  a  4  1  (4) 

f(a)  »  (K/D»/*PS)(l-a)*/a^  =  3.75  -  11.98a  +  24.40a*  -  25.69a*  +  10.02a* 

S/D  =  3.33  ;  0  4  a  4  1  (5) 

The  integral  in  Eq.  (2)  was  evaluated  numerically  over  the  limits  of  0  to 
Ap.  Equation  (2)  was  then  programmed  into  a  computer,  a  stability  parameter,  <t, 
was  determined  as  a  function  of  a  and  S/D,  and  the  results  were  used  in  the 
following  stability  formulation. 

Crack  Growth  Stability 

Stability  considerations  are  thoroughly  presented  elsewhere  (refs  5,8,9), 
therefore  only  the  most  pertinent  formulas  are  discussed  here.  Bluhm  (ref  9) 
noted  that  in  no  instance  was  there  stability  under  load  control  conditions  for 
the  beam  cases  that  he  examined.  Therefore,  only  displacement  control  (fixed 
grip)  conditions  are  considered  here.  The  applicable  equation  is 

♦  =  d*(6/P)/dA*  -  C2/(6T/P)l[<l(«/P)/dA]*  4  0  (6) 
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where  ♦  is  the  stability  parameter;  (Sj/P)  is  the  total  load-point  compliance  of 
the  combination  of  test  specimen  and  machine,  i.e.,  6j/P  =  S/P  +  S^/P ,  where 
S^/P  is  the  machine  compliance  including  ancillary  fixtures.  Applying  Eg.  (6) 
to  Eg.  (2)  leads  to  the  following  normalized  expression  for  the  crack  growth 
stability  of  the  round  bar  specimen: 

«  =  2d[f{g)]/da  ^  _l+3a_  _  §{S/D)f_g>/f_Xfig]]f  ^  ^ 
f(o)  a(l-o)  (6TED/P)(l-a)»/2 

Notice  that  Egs.  (6)  and  (7)  indicate  that  ♦  must  be  egual  to  or  less  than  zero 
to  ensure  stability. 

As  indicated  by  Egs.  (6)  and  (7),  machine  compliance  is  an  important  con¬ 
sideration  in  the  design  of  a  stable  combination  of  test  specimen  and  machine. 
Clausing  (ref  8)  relates  that  a  normalized  compliance,  {6|^£D/P),  of  1.5  is  typi¬ 
cal  of  a  very  stiff  loading  system,  such  as  a  bolt  that  directly  opens  a  crack, 
and  600  is  typical  of  a  flexible  grip  arrangement  in  a  tension  testing  machine. 
Frame  stiffness  of  many  present  day  testing  machines  can  result  in  (6mED/P) 
values  of  about  10  to  50.  (It  is  customary  to  normalize  machine  compliance 
using  the  same  values  of  modulus,  E,  and  specimen  size,  D  or  B  here,  as  used  for 
the  test  specimen  compliance.  This  has  no  physical  significance;  it  is  a  mathe¬ 
matical  convenience.)  Eguation  (7)  was  computer  programmed  to  examine  the 
effect  of  normalized  machine  compliance  from  0  to  100  on  stability. 

DISCUSSION  OF  RESULTS 
Fracture  Toughness  Teats 

The  results  of  the  fracture  toughness  tests  of  rectangular  and  round  speci¬ 
mens  are  shown  in  Table  II.  Note  that  the  ranges  of  measured  fracture  toughness 
for  the  two  types  of  specimen  overlap,  and  the  difference  between  mean  values  is 
less  than  the  larger  of  the  standard  deviations.  These  indicate  no  significant 


7 


difference  between  the  fracture  touqhness  from  the  two  specimen  types.  Values 
of  crack  growth  relative  to  W  or  D  are  shown  in  Table  II,  estimated  from  the 
amount  of  load  drop  that  occurred  at  maximum  load  compared  with  the  I-. tear 
extension  of  the  load-displacement  plot  (see  again  Figure  2).  For  example,  a  5 
percent  drop  in  load  corresponds  to  a  2  percent  increase  in  a/W.  The  sig  'f  i- 
cantly  larger  a/D  for  round  specimens  compared  to  rectangular  specimens  is  a 
clear  indication  of  higher  crack  growth  stability. 

TABLE  II.  COMPARISON  OF  FRACTURE  TOUGHNESS  FROM  RECTANOUUR  AND  ROUND  SPECIMENS 


Rectangular  Specimens 

Round  Bar  Specimens 

Crack 

Length 

a/W 

Fracture 
Toughness 
MPa  mh 

Kn!H 

Crack 

Length 

a/D 

Fracture 
Toughness 
MPa  m^ 

Crack 

Growth 

a/0 

0.500 

68.3 

0.01 

0.519 

58.9 

0,05 

0.514 

71.6 

0,02 

0.533 

62.2 

0.05 

0.610 

68.4 

0.01 

0.534 

58.7 

0.04 

0.618 

63.6 

0.01 

0.633 

67.5 

0,01 

0.664 

57,1 

0.01 

0.636 

61.3 

0.06 

0.685 

60.2 

0.01 

mean: 

standard  deviation: 

65.8 

5.6 

mean: 

standard  deviation: 

Load-Line  Compliance  Results 

A  comparison  of  load-line  compliance  from  the  analysis  described  in  Eqs. 

(2)  through  (5)  with  results  from  the  literature  is  shown  in  Figure  3  for  a  wide 
range  of  crack  depth.  Bush's  (ref  1)  experimental  results  are  shown,  and  a  deep 
crack  limit  for  the  round  specimen  is  given,  developed  in  a  manner  similar  to 
prior  work  (ref  2)  as  follows.  Beginning  with  the  expression  (ref  12)  for 
opening  angle,  0,  for  a  deep  crack  with  applied  bending  moment,  M: 

0EB(W-a)*  =  15.8  M  (8) 
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and  defining  0  =  6/D,  M  =  PS/4,  and  B  =  2D  (a/D)’*( 1-a/D}^'  gives  the  following 
deep  crack  limit: 

lim{(6ED/P)(l-a/D)*/V(S/D)]  =  1.975  (9) 

a/D-1 

The  analytical  results  are  in  the  form  of  the  following  polynomial 
expressions,  fitted  to  the  Eg.  (2)  results  over  the  range  0  <  a/D  <  0.6  and  to 
the  Eg.  (9)  result  for  a/D  =  1 


(5ED/P) (1-a/D)*/*  =  19.3 

-  48.5a  +  57.1a* 

-  21.3a» 

S/D  =3.33 

(10) 

(6ED/P) (l-a/D)»/*  =  31.5 

-  80. Oa  +  95.6a* 

-  39.2a* 

S/D  =  4.00 

(11) 

(fiED/P)(l-a/D)»/*  =  133 

-  342a  +  379a*  - 

157a* 

S/D  =6.67 

(12) 

The  agreement  between  experiment  and  analysis  is  good  for  short  cracks  and 
poorer  for  mid-depth  cracks.  This  could  be  explained  by  machine  and  fixture 
compliance  becoming  a  significant,  albeit  unintended,  addition  to  specimen 
compliance  in  Bush's  tests  for  deep  cracks,  considering  the  lower  load  range 
that  would  have  been  used  for  a  deeply  cracked  specimen.  Recalling  Table  I, 
such  an  unintended  addition  to  specimen  compliance  is  often  possible  at  low 
loads. 

A  comparison  of  measured  load-line  compliance  from  the  tests  in  this  report 
with  prior  and  current  analysis  is  shown  in  Figure  4.  The  rectangular  specimen 
results  are  compared  with  both  the  idealized  crack  analysis  (ref  11)  and  tne 
analysis  that  takes  account  of  the  notch  as  well  as  the  crack  (ref  4).  The  com¬ 
parison  is  guite  good.  Notice  that  for  total  notch-plus-crack  depths  near  the 
notch  depth,  i.e.,  near  a/W  =  0.45,  the  measured  compliance  is  noticeably 
higher,  as  predicted  by  analysis.  The  round  specimen  results  are  also  in  good 
agreement  with  analysis  and  also  show  some  indication  of  higher  values  for  low 
a/D,  as  would  be  expected,  if  the  effect  of  the  notch  had  been  investigated. 

This  is  planned  for  future  work. 
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Crack  Stabllilty  Results 

Figures  5  and  6  give  the  key  crack  growth  stability  results  of  this  work. 
The  results  of  analysis,  summarized  by  Eqs.  (6)  and  (7)  for  the  round  specimen, 
are  shown  in  Figure  5  for  a  range  of  span-to-diameter  and  depth  ratios,  S/0  and 
S/W,  for  both  specimen  types.  A  threshold  of  stability  parameter,  ag  =  (a/D)o 
or  (,a/W)Q,  is  plotted  as  a  function  of  S/0  or  S/W  and  S^ED/P  or  6mEB/P, 
describing  values  of  crack  depth  relative  to  specimen  size  above  which  crack 
growth  stability  is  predicted.  Notice,  as  inferred  earlier,  that  large  values 
of  S^ED/P  or  5^EB/P  result  in  decreased  stability.  The  stability  curves  for  the 
rectangular  beam  specimen  are  from  a  previous  studv  (ref  5). 

The  most  interesting  information  in  Figure  5  in  relation  to  tests  performed 
here  is  the  signif icantlv  greater  stability  of  the  round  compared  to  the  rec¬ 
tangular  specimen.  Using  the  machine  compliance  values  discussed  earlier, 

0.0059  and  0.0052  mm/KN  for  the  rectangular  and  round  specimens,  respectivelv . 
results  in  5jnED/P  =  59  for  the  round  and  6mEB/P  =  28  for  the  rectangular  speci¬ 
men.  Tt-e  corresponding  threshold  of  stability  for  the  round  is  (a/Dlg  =  0.51, 
lower  than  the  a/0  of  the  test  conf iourations,  and  for  the  rectangular  (a/Wlg  = 
0.58,  within  the  range  of  test  configurations.  This  prediction  of  crack  stabil¬ 
ity  for  the  round  tests  and  instability  for  some  of  the  rectangular  tests  was 
supported  by  the  test  results.  Recall  that  it  was  the  rectangular  specimens 
that  failed  in  fatigue  cracking  and  showed  significantly  less  crack  growth 
before  abrupt  failure. 

Another  confirmation  of  the  prediction  of  poorer  stability  for  the  rec¬ 
tangular  specimens  is  shown  in  Figure  6.  This  is  a  plot  of  fracture  toughness 
results  and  the  stability  thresholds  described  in  the  preceding  paragraph. 

Notice  that  the  two  rectangular  results,  which  are  clearly  in  the  unstable 
range,  are  also  among  the  highest  values  of  fracture  toughness.  This  confirms 
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the  earlier  suggestion  that  a  condition  of  unstable  crack  growth  can  cause  an 
incorrectly  high  fracture  toughness.  If  these  two  values  in  the  unstable  range 
were  omitted  from  the  calculation  of  mean  fracture  toughness  discussed  earlier 
in  relation  to  Table  II,  a  mean  for  rectangular  results  would  be  63.0  MPa 
in  better  agreement  with  the  mean  for  round  results,  61.5  MPa  m^. 

SUMNARY 

1.  The  three-point  bend  round  bar  specimen  with  S/D  of  4  produced  a 
measured  fracture  toughness  for  a  tungsten  alloy  that  was  essentially  equivalent 
to  the  rectangular  bar  result.  The  specimen  configuration  and  K  expression  from 
prior  work  and  the  wide  range  load-line  displacement  expression  developed  here 
are  suitable  for  general  use  in  fracture  testing. 

2.  A  load-line  displacement  analysis  was  developed  for  round  bar  bend  con¬ 
figurations  with  a/0  from  0  to  1  and  S/D  from  3.33  to  6.67.  The  analysis  was 
found  to  be  in  good  agreement  with  prior  measurements  from  round  steel  beams 
with  S/D  of  3.33  and  6.67,  with  measurements  in  this  report  from  round  tungsten 
beams  with  S/0  of  3.88,  and  with  the  deep  crack  limit  solution  developed  here 
for  round  beams. 

3.  A  crack  growth  stability  analysis  was  developed  for  round  beams  with 
S/0  from  3.33  to  6.67,  a/0  from  0.3  to  0.6,  and  normalized  machine  compliance. 
6),|ED/P,  from  0  to  100.  More  stable  crack  growth  before  failure  and  lower  frac¬ 
ture  toughness  were  observed  for  the  combination  of  tungsten  specimen  con¬ 
figuration  and  machine  compliance  for  which  stability  was  predicted. 
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